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Introduction
In bacteria, GroEL assists proper folding of many proteins in cooperation with its cochaperonin GroES [1, 2] . GroEL is a cylindrical protein complex formed by two heptameric rings stacked back to back, each consisting of identical ATPase subunits [3] . GroES is a single homo-heptameric ring [4] and binds to the ends of the GroEL cylinder depending on the nucleotide state of GroEL. These multiple factors involved in the reaction cycle of this system make it difficult to analyse the reaction cycle with ensemble averaging methods. Nevertheless, several issues concerning this reaction cycle have been revealed by extensive biochemical and structural studies [5] [6] [7] . Unfolded substrate protein (SP) with exposed hydrophobic residues binds to GroEL at its apical domain [8] . Then, the SP is encapsulated into the hydrophilic cavity of GroEL after its binding to ATP and GroES [9, 10] . The encapsulated SP can fold in this environment. Subsequently, GroES dissociates and then the SP is released into solution.
Because the two rings of GroEL are identical, these processes proceed at each ring. Then, an important question is raised: whether or not the molecular processes at one ring proceed independently of those at the opposite ring. Biochemical kinetic studies of ATP binding and hydrolysis put forward allosteric regulation with intraring positive cooperativity and inter-ring negative cooperativity as regard to ATP binding [11] [12] [13] . Based on this allosteric regulation, a model has been postulated in which only one ring binds GroES throughout the cycle, so that asymmetric GroEL : GroES 1 complexes (referred to as the bullet complexes) are exclusively formed [14] . The GroES-free ring (trans-ring) can bind ATP only after ATP is hydrolysed in the GroES-bound ring (cis-ring). Actual ATP binding to the transring induces release of GroES, ADP and the encapsulated SP protein from the opposite ring, while the second GroES binds to the trans-ring to form a new cis-ring [15, 16] . Thus, the two rings of GroEL alternately bind and release GroES and hence alternately function. Nonetheless, symmetric GroEL : (GroES) 2 complexes (referred to as the football complexes) have also been observed under electron microscopy [17] [18] [19] [20] [21] [22] . Moreover, biochemical measurements in the presence of various concentrations of ATP and GroES have shown the folding activity to be nearly proportional to the population of football complexes as well as the abolishment of inter-ring negative cooperativity of ATP binding at [ATP] greater than approximately 50 mM [21, 22] . The structural basis of this abolishment of inter-ring negative cooperativity has recently been revealed by the atomic structure of football complexes formed by a GroEL mutant with a very low ATPase activity [23] . In spite of these observations (for more details, see [24] ), this model postulates that football complexes appear only as a transient intermediate in the reaction cycle, at the time when GroES binds to the transring just before the completion of GroES release from the cis-ring.
To inspect this model more directly, solution kinetics studies with fluorescence energy transfer-based GroEL-GroES association detection [25] [26] [27] [28] [29] [30] [31] and single-molecule fluorescence microscopy observations [32] [33] [34] [35] have been performed in the past two decades. Most of these studies revealed a part of the reaction pathway and detected football complexes not as a briefly subsisting intermediate but as a major one appearing during the reaction cycle in the presence of unfoldable or foldable SP. Very recently, dual-colour fluorescence cross-correlation spectroscopy analysis was performed using differently labelled GroES [36] . This study showed that football complexes were to an appreciable extent formed only in the presence of unfoldable SP, whereas both in the presence of foldable SP and in the absence of SP, football complexes were only transiently and hence rarely formed. Thus, even with single-molecule fluorescence approaches, inconsistent results have emerged. This may be partly due to different dyes [36] and dye-labelling sites being used. More seriously, the two rings of GroEL are too closely positioned to be resolved with fluorescence methods. Therefore, it is often very difficult to know from which ring a detected fluorescence signal comes. To solve this controversial issue definitely, we need a further direct method to monitor the dynamic binding and release of GroES occurring in nano-scale space.
Here we used high-speed atomic force microscopy (HS-AFM) [37, 38] to directly visualize the dynamic GroEL-GroES interaction with time resolution of 0.23 s. HS-AFM has recently been used with great success to visualize protein molecules in dynamic action without disturbing their function [39, 40] . In our previous HS-AFM study [41] , we imaged the GroEL-GroES interaction in the presence of unfoldable SP, disulfide bond-reduced a-lactalbumin (a-LA), and revealed a nearly entire reaction scheme comprising a main circular pathway and a side pathway. In both pathways, football complexes appear as a major intermediate. In the main pathway, which occurs at approximately 67%, GroES alternately interacts with the two rings of GroEL. However, in the side pathway, which occurs at 33%, this alternate rhythm is disrupted; the second bound GroES dissociates before the first bound GroES dissociates. The pathway branching occurs at the bullet complexes, and the bullet complexes formed at the exit of the side pathway can enter either pathway at the respective constant probabilities. In the present HS-AFM study, we image the GroEL-GroES interaction in the absence and presence of foldable SP and compare the reaction schemes obtained under the three substrate conditions.
Intermediates and reaction patterns
To visualize the dynamic GroEL-GroES interaction by HS-AFM, the D490C GroEL mutant biotinylated at Cys490 with a bifunctional reagent (linker length, approx. 2.5 nm) was immobilized in a side-on orientation on the two-dimensional (2D) crystal surface of a tamavidin 2 mutein with a lowered isoelectric point (tamavidin 2-LPI) [42] formed directly on a bare mica surface (figure 1a A prominent feature observed in the presence of foldable SP was moderately frequent appearance of GroES-unbound GroEL (5-8%), which appeared only at 0.4% in the presence of a-LA and at 1.3% in the absence of SP. Next, we analysed the order of association and dissociation of GroES at the two rings of GroEL by choosing the bullet complexes as an initial state (figure 2). As observed previously in the presence of a-LA [41] , these dynamic events are largely classified into Type I and Type II; in Type I, the cis/trans states interchange between the two rings after a round of dissociation and association of GroES, resulting in polarity change between the initial and second bullet complexes (i.e. B ! X ! B ; the vertical arrows indicate the polarity of bullet complexes and 'X' denotes F, U or none), whereas in Type II no cis/trans interchange occurs, resulting in no polarity change (i.e. B ! X ! B ; 'X' denotes F or U). Reaction patterns not belonging to either Type I or Type II (i.e. B ! U ! F and B ! F ! U) rarely appeared in the presence of DM-MBP (1.8% in total). We omit these cases from the analyses described below. The population ratios of all reaction patterns are summarized in table 2. As noted in table 2, the appearance frequency ratio between Type I and Type II processes is nearly independent of the substrate condition (Type I : Type II % 3 : 1), although the Type II process appears more frequently in the presence of a-LA (Type I : Type II % 2 : 1).
Decay kinetics of bullet and football complexes
All histograms of lifetime for bullet complexes (figure 3a,c,e,g; electronic supplementary material, figures S1 and S2) were (table 3) , bullet complexes are further classified into two sub-types. We refer to as 'B-F type' and 'B-U type' the bullet complexes that undergo B ! F and B ! U transitions, respectively. It would be possible that the intermediates formed just prior to the bullet complexes might be responsible for the pathway branching and hence the sub-types. However, this is not the case, because the decay rates of these sub-types are nearly independent of the previous intermediate states, Figure 1 . Assay system for HS-AFM imaging of dynamic GroEL-GroES interaction and captured images. (a) Schematic of assay system used for HS-AFM imaging. Tamavidin 2-LPI was two-dimensionally crystallized directly on a bare mica surface. GroEL D490C biotinylated at Cys490 located at its equatorial domain was tethered to the tamavidin 2-LPI 2D crystal surface through the biotin-tamavidin 2-LPI linkage with a linker length of approximately 2.5 nm. Because this crystal surface is resistant to non-specific protein binding, the tethered GroEL does not adsorb onto the surface. When the molecule is tapped briefly (approx. 100 ns) with the AFM-tip, the molecule makes contact with the surface. During imaging, the oscillation energy of the cantilever is partially transferred to the molecule by between 2 and 3 k B T (k B , Boltzmann constant; T, room temperature in kelvin) per tap, under the imaging conditions. This transferred energy is partitioned to many degrees of freedom of the molecule and quickly dissipates. Therefore, the tip-and surface-sample contacts do not affect the function of the molecule [40] . , respectively. Note that the small frequency of observing the pathway U ! B ! U hampered precise estimation of the rate constant. In the absence of SP, the bullet complexes appearing in the pathways F ! B ! F and U ! B! F decay at 1.26 + 0.03 and 1.03 + 0.06 s
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, respectively (electronic supplementary material, figure S4 ). Considering the low appearance frequency of the pathway U ! B ! F, these values are nearly identical. For the case of Type II process, we could not perform this analysis as the appearance frequency of B ! U is small. Nevertheless, in all cases, the probabilities in which bullet complexes decay to F or U are nearly independent of the intermediates formed just before the bullet complexes (electronic supplementary material, table S1). Thus, we conclude that the pathway branching occurring after bullet complexes originates from distinct B-F and B-U types of bullet complexes and that these sub-types are in rapid equilibrium.
When the histograms of lifetime for bullet complexes formed after F or U were combined, we obtained the following rate constants in the presence of DM-MBP: ), are given in table 3. On the other hand, all histograms of lifetime for football complexes in the Type II process (which we refer to as Type II football) had a peak and were well fitted to a sequential two-step reaction model (figure 3h; electronic supplementary material, figures S1 and S2). The two rate constants for the decay of F in the process B ! F ! B (k [41] . 
Kinetics undergone by bound GroES
Here, we first describe the Type I process in the absence of SP. When GroES binds to the trans-ring of bullet complexes, this newly bound GroES undergoes the pathway of either (i) F ! B ! F ! B or (ii) F ! B ! U. When GroES binds to GroES-unbound GroEL, this newly bound GroES undergoes the pathway of either (iii) B ! F ! B or (iv) B ! U. Pathway (i) is the main pathway. Except for case (iv) where the dissociation of the bound GroEL follows a first-order reaction, the bound GroES undergoes multiple intermediates before its final dissociation. Here, we only analysed the histogram for the residence time of bound GroES undergoing pathway (i) (electronic supplementary material, figure S1g) as the probabilities of occurrence of the pathways (ii) and (iii) were low. The histogram for the residence time of bound GroES undergoing pathway (i) was well fitted to a sequential fourstep reaction, as was previously observed in the Type I process in the presence of a-LA [41] . This fitting provided . The fact that 1/k 1 þ 1/k 2 % 1/k FB-I holds,
, indicates that an additional, distinct Type I football (hereafter, we express this Type I football as F*) is formed en route to the decay of football complexes to bullet complexes.
Next, we analysed the residence time distribution of bound GroES undergoing the main pathway (i) F ! B ! F ! B in the presence of DM-MBP (figure 3k). It was well fitted to a sequential four-step reaction with rate constants of k 1 ¼ and k 3 (¼k BF-I ) ¼ 0.91 + 0.01 s 2 1 (figure 3i).
Discussion
In this study, we could confirm that football complexes are not briefly subsisting but long-lived intermediates with lifetime of 1.522.0 s (Type I) or 1.922.6 s (Type II). Therefore, football complexes must be actively involved in the chaperonin function of GroEL. However, the frequency of appearance of football complexes moderately depends on the substrate condition, in the order of unfoldable SP (67%) . absence of SP (53%) . foldable SP (30%). This is partly due to the shorter lifetime of football complexes in the presence of foldable SP, but mainly due to the longer lifetime (and hence more frequent appearance) of bullet complexes in the presence of foldable SP. The entire reaction pathway of the GroE system revealed by its direct observation with HS-AFM is much more complicated than previously realized, and also highly stochastic as with the previously suggested partial stochasticity of the ATPase reaction in the GroE system [28] . This complexity first results from the two distinct pathways, Type I and Type II. In the latter, the alternate rhythm of binding and release of GroES at the two rings is disrupted, which often occurs (25-33%), independently of the substrate condition. Second, GroES-unbound GroEL sometimes appears after bullet complexes, especially in the presence of foldable SP (5-8%). The resulting pathway branching (either B ! F or B ! U) occurs independently of the intermediates (F or U) formed just before the bullet complexes. Therefore, there must be two sub-types of bullet complexes (B-F type and B-U type) in rapid equilibrium, in both Type I and Type II processes.
From the observed patterns of sequential GroES binding and release and the analysis of lifetime of all intermediates in each pathway and residence time of GroES, we constructed a model for the reaction scheme under each substrate condition, as shown in figure 4 . The scheme in the presence of a-LA is the one modified from our previous study [41] . These schemes are partially tentative because several issues in this extremely complicated reaction are still open to clarification, as described below.
Although it is clear that F* occurs en route to the decay of F ! B, this decay occurs twice in the main pathway of F ! B ! F ! B . Therefore, there are two possibilities:
If the former is the case, F* must originate in the newly formed (second) cis-ring of the first football complexes, rather than in the early formed (first) cis-ring of the first football complexes. One possibility is that F* is formed by an ATP-binding-induced conformational change in the second cis-ring (apical domain movement or a conformational change that can drive SP encapsulation). If F* is formed in the sequence F ! B ! F ! F* ! B , one possibility is that ATP hydrolysis to ADP-Pi in the first cisring of the second football complexes induces the formation of F*. In this case, the rate of ATP hydrolysis into ADP-Pi in the presence of DM-MBP is 1/(1/k
. These values are close to the values estimated from biochemical studies in the presence of foldable SP, 0.3120.36 s 21 [35, 43] . Note that the biochemically determined rate of ATP ! ADP2Pi is an average over those in different pathways. Likewise, in the main pathway in the absence of SP, the rate of ATP hydrolysis into ADP2Pi can be estimated to be either 0.32 or 0.26 s
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, again close to the reported values. In spite of these good agreements, we think that this is not the case because this model suggests a sequential two-step reaction for the final dissociation of bound GroES, contrary to the observed single-exponential distribution of Type I football. Therefore, it is very likely that F* originates from an ATP-binding-induced conformational change in the second cis-ring of football complexes.
Next, we discuss allosteric communications between the two rings of GroEL in the main circular pathway. The residence time analysis of bound GroES showed the coincidence of k 3 ¼ k BF-I , which indicates that the bound GroES on the cis-ring senses a certain change occurring in the trans-ring and vice versa. In the presence of SP, this B ! F transition is accompanied by a series of events in the trans-ring: the ejection of SP, release of ADP, binding of new ATP and then GroES binding to the trans-ring. The concentration of ATP used here (2 mM) is nearly saturating, and the concentration of GroES (1 mM) is also nearly saturating, considering the second-order rate constant for GroES binding (1-3 Â 10 7 M 21 s 21 ) [44] . Therefore, this transition rate k BF-I is identical to the rate of ADP release from the trans-ring, indicating that ADP remains bound for a while in the trans-ring, consistent with biochemical observations [45, 46] . However, to alleviate the discrepancies regarding the presence of football complexes, an idea has been proposed that this ADP release retardation would occur only in the absence of SP and this negative cooperativity could be weakened in the presence of SP. Therefore, bullet complexes are accumulated in the absence of SP, whereas in the presence of SP the accelerated ADP dissociation and hence the accelerated ATP/GroES binding [27, 45] leads to the formation of football complexes [26, 28] . However, this idea is inconsistent with our observations. ). Moreover, football complexes are formed in substantial amount (approx. 50%), even in the absence of SP. In our previous study [41] , we proposed that the asymmetric bullet structure would cause a strain in the molecule and this strain would retard ADP release from the cis-ring, like the retardation of ADP release from the leading head of myosin V walking on actin filaments [39, 47] . What is occurring in the cis-ring during this B ! However, the ambiguity about physical or chemical events occurring in the transition steps corresponding to k 1 and k 2 prevents us from gaining insights into the nature of this communication. Nevertheless, we think that ATP-bindinginduced conformational change occurring in the second cis-ring in football complexes triggers Pi release and hence GroES release from the opposite ring. Finally, we discuss the Type II process. Type II bullet distinct from Type I bullet is responsible for the Type II process. The allosteric communication between the two rings in Type I bullet (corresponding to the coincidence of k 3 ¼ k BF-I ) must be disrupted in the Type II process. In our previous HS-AFM study in the presence of a-LA, we proposed that the Type II process would occur due to incomplete nucleotide exchange (unlike the replacement of seven ADPs by seven ATPs) at the trans-ring of bullet complexes [41] . The disruption of the allosteric communication possibly causes partial ADP release from the trans-ring without ATP hydrolysis in the cis-ring. The reduced number of bound ATP in the new cis-ring must only induce a small conformational change in this ring, which would not be large enough to affect the opposite ring.
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